INTRODUCTION
The sequence-specific recognition of DNA duplexes by a third strand (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) , has implications in gene-regulation and site specific cleavage of genomic DNA (13) (14) (15) . There have been several NMR studies on the structural characterization of pyrimidine(Y).purine(R):pyrimidine(Y) DNA triplexes (throughout this paper, Watson and Crick base pairs are represented as R: Y, Hoogsteen as Y.R and mismatch as R-Y). In such studies, purine and pyrimidine strand concentrations of 1:2 molar ratio have been used. The second pyrimidine strand is parallel to the purine strand and forms Hoogsteen base-pairing with the standard antiparallel Watson-Crick R:Y double helical DNA (16) (17) (18) (19) (20) . A different class of triplexes are single-stranded oligonucleotide sequences that form intramolecular triple-stranded structures with well defined strand orientations (21) (22) (23) .
Felsenfeld et al. (1) were the first to show that poly(rA) and poly(rU) mixed in 1:2 proportions form triple stranded polyribonucleotides with the third Y strand binding in the major groove, parallel to the purine strand of Watson-Crick double helical RNA, using Hoogsteen base-pairing [U.A:U]. In an attempt to form the DNA analogue, Lee et al. (7) found that a 1:1 molar mixture of (GA) n and (TC)« spontaneously transformed into a triplex together with a free purine strand at lower pH. Based on SI nuclease digestion, buoyant density measurements, hyperchromic shifts and circular dichroism studies (7) , the reaction has been characterized as:
The ease with which this triplex forms is attributed to the moderately high pK a of cytosine in DNA [4.1 for free cytidine (24) ]. The base-base recognition is achieved through sequence specific hydrogen bonds between C + and G and between T and A ( Fig. 1) . Thus, when C + recognizes C:G base pair C + .G:C triad ( Fig. 1 A) is formed, while when T recognises A:T base pair T.A:T triad (Fig. IB) is formed. Although, the triplex formation at 1:1 molar ratio has been proposed (7) , there has been no structural evidence.
We have carried out NMR structural characterization of a 1:1 mixture of a homopyrimidine strand (a 12mer; d-CTCCTTTCT-TCC) and basically a homopurine strand (a 14mer; d-TGAGGA-AAGAAGGT). This system has perfect purine-pyrimidine base complementarity when the two strands are aligned in parallel orientation. In fact, one of the objectives of this synthesis was to experimentally look for the formation of parallel duplexes. At neutral pH, the molecular system adopts an antiparallel duplex, stabilised by five A:T, four C:G base pairs, and three mismatched base pairs, namely G-T, A-C and T-C (to be published). Here we report the structure of the above system at low pH.
MATERIALS AND METHODS
Oligonucleotides were synthesized with Applied Biosystems Model 380 B DNA synthesizer using a solid-phase cyanoethylphosphoramidite method. Oligonucleotides were purified on 20% denaturing polyacrylamide/bis (19:1) gel with 7.6 M urea, * To whom correspondence should be addressed Figure 2 shows the pH dependence of imino and part of amino proton region in the ID 'H NMR spectrum of the sample in a mixed solvent of 90% H 2 0 and 10% 2 H 2 O at 10°C. It is known that hydrogen bonded imino protons of G, T and C (Fig.  3D) .
RESULTS

Evidence for the formation of new structure(s)
The imino and amino proton resonances provide vital information on the secondary structure of DNA. Figures 4 and 5 show selected regions of the NOESY spectrum of the sample in 90% H 2 O + 10% 2 H 2 O at 10°C and pH 4.35. As a first step in the assignment of exchangeable protons, we identify two sets of amino protons, one belonging to protonated (8-10 p.p.m.) and the other to non-protonated cytosines (6-8.5 p.p.m.). This is based on the classification of chemical shifts and observation of intranucleotide nOes such as intra amino proton nOe and those from C(H6) to C(H5), C(4NH 2 ) to C(H5) and C(4NH 2 ) to C(H6). Further, the two sets of amino protons of C and C + are found to show distinct cross peaks (Fig. 4A) between each other. Such peaks in a NOESY spectrum can be either due to through space dipolar interaction or due to a given cytosine moiety undergoing chemical exchange between the C and C + forms. The second situation can be ruled out in the present study because the observed inter-amino proton cross peaks are between C and C + , which are at different positions along the DNA sequence. Such sequentially assigned inter-amino proton interaction can be explained only on the basis of formation of C + .G:C triads. This is the first structural evidence for the transformation of the sample into triplex.
Generally, in a multistranded DNA every base pair has one imino proton, which is involved in the inter-base hydrogen bonding. Since the rise per residue (h) along the helix axis ranges from 0.26 nm (A-DNA) to 0.34 nm (B-DNA), one should observe nOes between the imino protons of the sequential base pairs along the helix axis except in the case of DNA intercalation (i.e. i-motif DNA) (30) . This implies that one should be able to walk along the helix axis from one end to the other end by monitoring inter-imino proton nOes. Thus, with an unambiguous knowledge of the chemical shift of any one imino proton, the resonance assignment of the remaining imino protons can be completed. In the present study, intercalation of any kind is ruled out because we^do not observe HI'-HI' cross peaks (30) in the NOESY spectrum.
We have identified the imino protons of protonated cytosines and thymines from the direct observation of intranucleotide nOes, namely C + (NH 2 )->C+(3NH) and T(CH 3 )->T(3NH). Having identified the thymine imino proton resonances, we found three of them in the region 13.6-14.4, showing nOes among themselves (Fig. 4B) . Such nOes can be expected if the three T units are adjacent to each other. Thus, the three 3NH protons are assigned to the trinucleotide segment -TTT-at the center of 12mer strand. The proton at 14.25 p.p.m. shows nOes to two other 3NH protons in the triplet, and can be assigned as belonging to the unit in the middle of the -TTT-segment. Such an assignment is supported by the observation of inter-imino proton nOes from 3NH at 14.05 to the one at 12.65 p.p.m., which in turn shows to yet another imino proton resonance at 11.10 p.p.m. The former nOe can arise from a through space interaction between the imino protons belonging to sequential T and C + or diagonally across the strand T and G. From the fact that C is protonated at pH 4.35 and its 3NH resonates in the region 14-16 p.p.m., first possibility is ruled out. Thus the resonance at 12.65 p.p.m. is assigned to guanosine diagonally across the strands in the neighbourhood of the outer thymines belonging to the -TTT-segment. This indicates that the -111-segment belongs to the strand in which the cytosines are non-protonated; according to Figure 3C , this is -T19-T20-T21-. The resonance at 12.65 p.p.m. is thus assigned to G5 (1NH) of G5:C22 base pair. Assignment of the imino protons of the TTT segment serves as a starting point for the sequential resonance assignment of the remaining imino protons. Sequential connectivities have been observed between the Watson-Crick base paired imino protons (including those belonging to mismatched base pairs) all the way from the G5:C22 to T1:C26 base pairs (Fig. 4B) . The assignment pathway is: G5(1NH) (belonging to G5:C22) -» G4(1NH) and T23(3NH) (G4:T23) -> T24(3NH) (A3:T24) -» G2(1NH) (G2:C25) -> T1(3NH) (T1:C26). On the other side of the segement, starting at T19(3NH), we could walk from A8:T19 to G12:C15. The assignment pathway is: T19(3NH) (A8:T19) -> G9 (1NH) (G9:C18) -> A10(6NH2) (A10-C17) -» T16(3NH) (A11:T16) -» G12(1NH) (G12:C15). It is worth mentioning that A10-C17 mismatched base pair does not involve imino proton in its base-pairing scheme; the nOes between the A10(6NH 2 ) and G9(1NH) and T16(3NH) (Fig. 5) help in its sequential assignment. We could not proceed further as C + 29(3NH) is relatively broad (may be an influence of G4-T23 mismatch base pair, which forms part of the C + 29.G4-T23 triad) and hence could not be sequentially connected to T28(3NH). However, T28(3NH) could be assigned from the previous knowledge of T24(3NH) from the intratriad inter-imino proton nOe between T24(3NH) and T28(3NH). Though the amino protons of C + 27 could be assigned by elimination process, assignment of its imino proton was not feasible. This protonated cytosine is at one end of the The assignment of the imino protons are substantiated by other nOe connectivities to these protons from amino protons and base protons (H2/H6/H8) of individual nucleotides. Such assignments are explained in Figure 5 and its caption. For example, in the T. A:T triads, a strong nOe is expected between T(3NH) and A(H2) for each A:T base pair, while for each Hoogsteen T. A base pair a strong nOe is expected from T(3NH) to A(H8) (Fig. 1) . Similarly, in the case of C + .G:C triad, for G:C base pair one strong and one medium size cross peaks are expected [G(1NH) -> C(NH 2 )], while for Hoogsteen C + .G base pair a strong nOe is expected from G(H8) to C + (3NH). One also expects nOes diagonally across the strands between any two neighbouring base pairs. Thus, we could provide further support to the assignment of the imino proton resonances and complete the assignment of all the exchangeable protons and most of the base protons (H2/H6/H8).
Intricate networks of interstrand and intrastrand NOESY cross peaks establishes the hydrogen bonded base paired network and thus the secondary structure of complex. While some of the peaks are expected from all the multiplexed models discussed earlier, the duplex models, including the Hoogsteen duplex are not consistent with the nOe data. The observation of thirteen hydrogen bonded thymine 3NH protons: six belonging to the pyrimidine strand with protonated cytosines, six more to a second pyrimidine strand with non-protonated cytosines and the last one belonging to the purine strand, may indicate coexistence of two duplex models. However, interstrand T(3NH) -> T(3NH) nOes rule out such a possibility. This is further substantiated by the observation of nOes between the amino protons of the cytosines belonging to the protonated and non-protonated pyrimidine strands. Tetraplex formation can be ruled out on several grounds. How a complex with three strands is formed when the homopurine and homopyrimidine DNA strands are taken in 1:1 molar ratio? The answer is that the triplex formation is via the disproportionation reaction H+ 2[(RM:[(Yy -> KY+UKR^MOO,] + [(RM driven by the pH. The existence of a free purine strand is confirmed by the observation of two extra CH3-H6 cross peaks from the thymines flanked on the two ends of the purine strand, in the TOCSY spectrum (Fig. 7) .
Dissociation and stability of the triplex
The stability and dissociation of the triplex has been monitored by temperature dependent ID 'H NMR spectra (Fig. 6) . As the temperature increases, the rapidly exchanging C + imino protons broaden first. This is followed by the imino protons belonging to the nucleotides at the two ends of the triplex. Interestingly, even at 50°C there are several imino and amino proton resonances. Beyond 50°C, there is a sudden disappearance of the remaining exchangeable protons including those coming from amino protons belonging to C + units. Similar co-operative triplex-single strand transition has been observed in other triplexes (20, 23) .
Conclusions
NMR results provide possibly the first structural evidence for the pH driven disproportionation of the oligonucleotide sample, consisting of homo-purine and homo-pyrimidine strands in 1:1 molar ratio, into an intermolecular pyrimidirie.purine:pyrirnidine DNA triplex and a A surprising result is the absence of parallel stranded duplexes at either neutral or acidic pH. The sequences were designed such that there are no mismatches in case parallel duplexes are formed. Instead, the system prefers to accommodate mismatches either in antiparallel duplex (neutral pH) or triplex with a free purine strand (acidic pH). This shows the comparative lower stability of parallel duplexes, proposed by Liu et al. (31) and Raghunathan et al. (32) .
